Introduction
Some metals are essential for microbial growth and metabolism, for example, Cu, Fe, Zn, Co and Mn, while some others have no essential function, for example, Al, Cd, Hg and Pb (Gadd, 1993) . Lead (Pb) is one of the most common hazardous heavy metals due to the increasing human activities, for example, mining, battery manufacturing, lead-based gasoline and paint utilizing. It shows that 40% of the world's most toxic pollution problems were caused directly by Pb (Blacksmith Institute and Green Cross Switzerland, 2011) . The annual worldwide release of Pb reached 783,000 t over the recent decades (Singh et al., 2003) . In addition, Pb, as the cumulative contaminant, can cause high toxicity and has long-term persistence in environment (Ma and Rao, 1999; Naik et al., 2013; Zeng et al., 2017) . Therefore, Pb-contaminated environment should acquire our great attention.
Bioremediation has been applied as an effective solution in treatments of Pb-contamination (Liang and Gadd, 2017) . Compared with the typical physical-chemical methods, direct bioremediation by utilizing microorganisms might be an economic and sustainable alternative pathway (Kapoor and Viraraghavan, 1995; Ozdemir et al., 2004; Ayangbenro and Babalola, 2017) . The bioremediation can be performed in both extracellular and intracellular regions (Cabuk et al., 2007; Fan et al., 2008) . The applications of extracellular remediation depend on structure and composition of microbial wall, types of exudates, the presence of toxic metals, and multiple environmental factors (Gadd and Griffiths, 1977) . In particular, cell walls or other structural components may be involved in metal sequestration (White and Gadd, 1998; Gadd, 2004) . For instance, carboxyl and amino groups on cell walls of fungi provide binding sites for Pb cations (Newby and Gadd, 1987) . The intracellular activities are also involved in bioremediation, which including intracellular chelation and compartmentation Gadd, 2007) . Intracellular metallothioneins and glycoprotein reduce the toxic effects of heavy metals via chelation (Hall, 2002) . Then, intracellular compartmentation transfers the cations into vacuole for segregation to reduce the toxicity caused by heavy metals (Hartley et al., 1997) .
Organic acids are the most common secondary metabolites from many microorganisms. The secreted organic acids are able to directly react with heavy metal to form insoluble mineral crystals around cell walls and external medium during bioremediation (Rhee et al., 2012; Osorio and Habte, 2013) . The acids can also enhance the dissolution of inorganic phosphates, and then react with Pb to form stable pyromorphite. Filamentous fungi, compared with bacteria, secrete large amount of organic acids, e.g. oxalic, tartaric, and citric acids (Coutinho et al., 2012; Sturm et al., 2015; Li et al., 2016a) . Their ability of secreting organic acids has been successfully applied in Pb remediation (Whitelaw, 2000; Coutinho et al., 2012; Li et al., 2016b) . However, these processes would be influenced by pH, temperature, humidity, and nutrient supply (Kapoor et al., 1999; Mandal and Banerjee, 2005; Kim et al., 2006; Amini et al., 2008) . For example, it showed that the Pb remediation by A. niger had the maximal effect at pH of approximately 5 (Amini et al., 2008) and P. oxalicum worked to the highest Pb removal at pH of approximately 4 when incubated with apatite (Tian et al., 2018) . High heavy metal concentration would limit the growth of fungi and reduce their efficiency in bioremediation (Gadd and White, 1989; Ye et al., 2018) . It is due to the subsequent displacement/substitution of essential metal ions from fungal biomolecules and disruption of cellular cell wall integrity (Gadd, 1993) . Although some fungi have been successfully applied in Pb remediation, the toxicity of heavy metal to them requires more attention. Especially, the tolerance of environmental fungi is a determinant of success when considering the long-term objective on water and soil remediation. Moreover, the toxicity of heavy metals exerts on fungi including blocking of functional groups of biologically important molecules, conformational modification, and denaturation/inactivation of enzymes (Gadd, 1993) . Therefore, fungal survival in the presence of toxic metals mainly depends on their intrinsic biochemical and physiological properties (Liang et al., 2016) . The different biological properties among various microorganisms would cause distinct microbial effects in heavy metal bioremediation. It is hence important to clarify the ability and mechanisms of Pb tolerance of filamentous fungi, which can be applied for successful bioremediation.
The aim of this study is to investigate fungal tolerance to Pb (up to 1500 mg l −1 ) and mechanisms involved in lead accumulation by two typical fungi, Aspergillus niger (A. niger) and Penicillium oxalicum (P. oxalicum), which have been widely utilized in bioremediation (Kapoor et al., 1999; Amini et al., 2008) . In addition, the transporting process of toxic metals as well as the toxic symptoms were studied. The secretion of organic acid was analyzed by high performance liquid chromatography (HPLC) and morphology was studied by transmission electron microscopy (TEM) and scanning electron microscope (SEM).
Results

Fungal biomass and pH values of the medium
The initial pH value for PDA medium is 6.5. For A. niger, the medium pH value reduced to 2.3 after 5-days incubation at 0 mg l −1 Pb level (Fig. 1A) . At 500 and 1000 mg l −1
Pb level, the medium pH values still had the downward tendency, i.e., decreasing to 2.1 and 2.3 respectively (Fig. 1A) . In addition, the medium pH value reduced to 2.6 at 1500 mg l −1 Pb level, which suggested the high ability of organic acid secretion by A. niger under high Pb level. For P. oxalicum, the medium pH value was 1.9 at 0 mg l −1 Pb level (Fig. 1A) . At 500 mg l −1 Pb level, the medium pH value increased to 3.8 compared with the 0 mg l −1 Pb level (Fig. 1A ). In addition, the pH values were 5.6-5.8 at 1000-1500 mg l −1 Pb levels ( Fig. 1A) , suggesting the low secretion of organic acids from P. oxalicum.
The total organic carbon of biomass in A. niger had no evident changes under the 0, 500, and 1000 mg l −1 Pb concentrations, that is, 0.67, 0.68 and 0.65 g respectively (Fig. 1B) . However, the biomass dramatically decreased to 0.37 g under 1500 mg l −1 Pb (Fig. 1B) . For P. oxalicum, the biomass started to decline at 500 mg l −1 Pb, that is, organic matter decreased from 0.67 to 0.59 g (Fig. 1B ).
In the 1000 and 1500 mg l −1 Pb treatments, the biomasses of P. oxalicum declined to 0.38 and 0.17 g respectively (Fig. 1B) .
Oxalic acid production and respiration of A. niger
The secretion of oxalic acid by A. niger reached 1660 at 0 mg l −1 Pb level (Fig. 1C ). After reaction with Pb cations, the concentrations of oxalic acid gradually decreased to 1228, 1059 and 780 mg l −1 when the Pb concentration increased to 500, 1000 and 1500 mg l −1 (Fig. 1C ). For P. oxalicum, the initial oxalic acid concentration was 1572 mg l −1 after 5-days incubation. With the Pb level increasing to 500, 1000 and 1500 mg l −1 , the concentrations of oxalic acid in P. oxalicum medium decreased to 970, 677 and 178 mg l −1 respectively (Fig. 1C ). As well as for A. niger, it should be pointed out that most removed Pb had been mineralized to lead oxalate. The mobile Pb was almost depleted at 500 mg l −1 Pb level, either for A. niger or P. oxalicum (Pb removal was 99.9% and 99.8% respectively) (Fig. 1D ). The Pb removal for A. niger was still close to 100% at 1000 mg l −1 Pb level. At 1500 mg l −1 level, both the A. niger and P. oxalicum showed the similar Pb removal proportion of approximately 95% (Fig. 1D) . However, A. niger has slightly higher Pb removal proportion than P. oxalicum.
Respiration of A. niger was analyzed, so that the correlation between bioactivity and resistance to Pb can be elucidated. Figure 2 shows the CO 2 emission rates of A. niger after 36 h incubation. The initial rate of A. niger was 52.8 mg C l −1 medium h −1 under the 0 mg l −1 Pb level ( Fig. 2) . However, the CO 2 emission rates significantly raised to 62.7 and 63.3 mg C l −1 medium h −1 at 500 and 1000 mg l −1 Pb level respectively (Fig. 2 ). The CO 2 emission rate of 1500 mg l −1 Pb treatment was not detected due to the dramatically reduced fungal biomass.
X-ray powder diffraction analysis
XRD patterns show the Pb mineralization by A. niger and P. oxalicum under the variable Pb concentrations, that is, 0, 500, 1000 and 1500 mg l −1 respectively. The three representative peaks of lead oxalate were located at 20.78 , 23.64 and 26.27 (Tian et al., 2018) . For A. niger, these three representative peaks were clearly observed at 500, 1000 and 1500 mg l −1 Pb levels (Fig. 3A) . The appearances of these peaks confirmed that A. niger could secrete oxalic acid, and it then reacted with Pb to form lead oxalate even at high Pb concentration (Fig. 3A) . For P. oxalicum, the three strongest peaks of lead oxalate were also observed with Pb concentrations of 500 and 1000 mg l −1 (Fig. 3B) . However, the peaks of lead oxalate in the 1500 mg l −1 Pb treatment of P. oxalicum showed relatively weak intensities (compared with those for 500 and 1000 mg l −1 treatments), which suggested low secretion of oxalic acid (Fig. 3B ). This is also consistent with the declined biomass shown in Fig. 1D . Furthermore, some Pb might appear as amorphous phases, confirmed by low signal/noise ratio in the XRD pattern for the 1500 mg l −1 Pb treatment. . Standard deviations are shown with N = 3. The significant differences across treatments were carried out using Tukey's honestly significant difference test (p < 0.05) after one-way ANOVA.
TEM and SEM analyses
The cross-sections of A. niger under TEM showed evident organic matter inside of hyphae (Fig. 4A) . At 500 mg l −1 , the cell wall of A. niger can be identified (by high contrast in the image). In addition, lead nanoparticles (NPs) were adsorbed outside of the hypha (Fig. 4B) , which is consistent with previous research (Liang et al., 2016) . Meanwhile, there was a new barrier forming outward the layer of the adsorbed aggregates of lead NPs (Fig. 4B) . At 1000 mg l −1 , the new barrier and cell wall were enlarged and the lead NPs were distributed interlayer (Fig. 4C) . At 1500 mg l −1 , the cross section of hyphae showed the disappearance of characteristic white band. In addition, the out surface and inside of the hypha showed dense aggregates of lead NPs (Fig. 4D) . Compared with A. niger, organic matter in P. oxalicum shows different morphology of the hypha at the corresponding Pb levels (Fig. 5) . At 500 mg l −1 , lead NPs entered the cell, however, no lead NPs were identified on surface of the cell wall (Fig. 5B) . Figure 5B also showed that the main transportation tool of lead is vacuoles. At 1000 mg l −1 level, lead NPs were adsorbed onto the cell wall of hypha, which is similar to that of A. niger (Fig. 5C ). However, lead NPs binding to cell walls have no evident new border (Fig. 5C ). At 1500 mg l −1 , more lead NPs were formed on/outside of the cell wall (Fig. 5D) . To the contrast, the distribution of lead NPs at 1500 mg l −1 was not as dense as in that of A. niger. Furthermore, most of the lead NPs were confirmed as lead nitrate. Lead oxalate can only be identified in few areas (see the box in Fig. 5D ). Figure 6 shows the SEM-EDS mapping images of fungi after 5-days incubation. In Fig. 6 , minerals were tightly interweaved with hyphae of A. niger and P. oxalicum. The EDS mapping proved that the minerals surrounding hyphae were the lead oxalate as only C, O and Pb signals were recorded (Fig. 6) . This is consistent with the above SEM imaging and XRD results. In addition, the mineral prisms were well organized (rather than randomly distributed), which suggested microbial regulation of mineralization (Fig. 6 ).
Discussion
The application of fungi to Pb remediation requires well understanding of their ability to resist Pb toxicity. Metal tolerance is the ability of an organism to survive under metal toxicity by intrinsic properties (Gadd, 1992) . As the most common hazardous heavy metal, Pb does degrade the bioactivity of microbes (Gadd, 1993) . However, Pb cations not always lower the bioactivity of fungi. In addition, different fungi show evident contrasts of Pb tolerance, for example, A. niger shows the higher tolerance to Pb compared with P. oxalicum (Fig. 1) .
Oxalic acid contributes to the 'outer defense line' to resist Pb. It is the dominant organic acid produced by these two fungi, and oxalic acid can react with Pb cations to form lead oxalate mineral (Purchase et al., 2009) : The formed lead oxalate can be easily recognized under microscopy due to their characteristic shape (Fig. 6) . It is relatively insoluble with the low Ksp value (10 −9 -10 −11 ) (Xiong et al., 2013) . Therefore, oxalic acid helps to reduce the toxicity of Pb. Assuming all decreased Pb cations were consumed by the formation of Pb oxalate (Pb was almost depleted based on Fig. 1D) .
A. niger consumed approximately 200, 400 and 600 mg l −1 oxalic acid at Pb concentrations of 500, 1000 and 1500 mg l −1 respectively. Therefore, we can estimate that the total oxalic acid concentrations secreted by A. niger were 1428, 1459 and 1380 mg l −1 respectively (Fig. 1) .
For P. oxalicum, the total oxalic acid secretions were hence 1170, 1077 and 778 mg l −1 respectively (Fig. 1) .
However, there could be some Pb (II) (although at low level) adsorbed onto or accumulated on hyphae instead of reacting with oxalic acid (Figs. 4 and 5) . Therefore, the actual quantity of oxalic acid secreted by these two fungi could be lower than our estimation. Based on above assumption and estimation, the microbial secretion did show dramatically decline, especially for P. oxalicum. Low molecular weight organic acids, such as oxalic acid, are presumably derived from tricarboxylicacidcycleacid (TCA) cycle (Plassard et al., 2009) . The Pb (II) could influence the TCA cycle to limit the secretion of organic acid fungi. Nevertheless, A. niger has the higher oxalic acid secretion compared with P. oxalicum among three Pb levels. This could explain the higher tolerance of Pb for A. niger. In addition, excessive Pb concentration is able to stimulate the bioactivity of A. niger, which is substantiated by its respiration (Fig. 2) . Previous literature also indicated that Pb (II) could stimulate the activity of intracellular antioxidant system (Gharieb and Gadd, 2004) . Some fungal functions of resisting Pb, for example, oxalic acid producing, would hence be enhanced. This is consistent with that the dominate mineral detected by XRD and SEM was lead oxalate (see Figs. 2 and 6 ). However, it should be pointed out that only Pb concentration less than 1000 mg l −1 can cause such stimulation for
A. niger.
The biosorption (metabolic-independent accumulation) is the most direct pathway of metal accumulation, working as 'middle defense line'. The binding of Pb to cell walls might result in cell death (Gadd, 1990) . Cell wall is a critical zone in the Pb remediation by fungi, which is the crucial factor of interaction between hypha and metal species. The TEM images clearly showed that the Pb cations entered cell wall of both fungi gradually as the Pb concentrations raised from 500 to 1500 mg l −1 . Most metal precipitates tend to be adsorbed on the cell walls, which is consistent with previous report (Gadd, 2010) . At 500 and 1000 mg l −1 Pb levels, A. niger preferred to adsorb Pb NPs onto its cell wall surface and produce a new layer beside the precipitates (Fig. 4B,C) . In addition, the microorganisms are able to produce extracellular polymeric substances (EPS) attached to their cell walls under stressful environment (Kumari et al., 2017) . The components of this new layer might be like the integrities of EPS, which generally occurs in prokaryotic as well as in eukaryotic microbes (Flemming and Wingender, 2001; More et al., 2014) . However, P. oxalicum only started to adsorb Pb onto its surface at 1000 mg l −1 Pb level, which shows the lower tolerance compared with A. niger. In addition, this mechanism could also result in the different biomass between these two fungi under various Pb levels (Fig. 1) . The high level of metal accumulation causes the exposure of new intracellular binding sites (Purchase et al., 2009 ). This pathway is the 'last line of defense' for the fungi to resist Pb toxicity. Both of the fungi showed high concentrations of intracellular Pb NPs at 1500 mg l −1 level (Fig. 4D vs. Fig. 5D) . The high Pb level (1500 mg l −1 ) is also a critical point that distinguishes the tolerance of Pb between A. niger and P. oxalicum. The fungal biomass of P. oxalicum is lower compared with A. niger at 1500 mg l −1 Pb level. The cell walls of A. niger at 1500 mg l −1 Pb level almost disappeared compared with 500 and 1000 mg l −1 Pb levels according to the TEM results, which suggests its declining biomass (Fig. 4) . Moreover, there are substantially higher intracellular NPs within A. niger with respect to P. oxalicum (see Fig. 4D vs. Fig. 5D ). The relatively abundant intracellular NPs and biomass verify that A. niger have the higher ability of Pb tolerance compared with P. oxalicum. Nevertheless, precise measurements of Pb removal due to fungal accumulation, biosorption and mineralization requires our attention in the future.
Experimental procedures
Preparation of fungal strains A. niger (NJDL-12) and P. oxalicum (NJDL-03) were isolated from soybean rhizosphere and maize rhizosphere soils in Nanjing, China respectively. Their accession numbers in China General Microbiological Culture Collection Center (CGMCC) are No. 11544 and No. 11061 respectively (Li et al., 2016a) . These two fungi were cultured on Potato Dextrose Agar (PDA) medium at 28 C for 5 days to form sporulation respectively. The medium was drenched with sterile water and the spores were carefully scraped from the surface of the plates with a fine artist's 
Lead tolerance and fungal activity tests
The Pb tolerance tests for the two fungi have four Pb concentrations, that is, 0, 500, 1000 and 1500 mg l −1 .
The Potato Dextrose Broth (sterilized at 121 C for 20 min) was prepared for the fungal incubation. The solid Pb(NO 3 ) 2 powder (Xilong Scientific Ltd.) was used for creating Pb toxic environment before inoculating the above spore suspension into the medium. The 1 ml spore suspensions were incubated in 250 ml conical flasks with 100 ml PDA culture medium. Then, these flasks were incubated at 30 C for 5 days under 180 rpm shaking.
After the incubation, the culture medium was filtered through 0.22 μm polyethersulfone (PES) membrane. The filtrate was collected to detect the concentration of organic acids and Pb 2+ by HPLC and inductively coupled plasma emission spectrometer (ICP-OES). The precipitates were dried for 24 h at 65 C for biomass (analyzed based on total organic carbon of microorganisms), X-ray powder diffraction (XRD), and SEM analysis. Before the XRD analysis, the dry precipitates were ground to powder by agate mortar, and then filtered through a 100 μm sieve (Endecotts Inc.). A parallel incubation experiment was also performed to detect the fungal activity via their respiration with Pb concentrations of 0, 500, 1000 and 1500 mg l −1
. The 25 ml of sterilized liquid PDA medium was taken into a 150 ml serum bottle, and then inoculating 0.25 ml spores. All of the treatments were incubated for 36 h at 28 C. During the fungal incubation, all of the bottles are unsealing (under sterile conditions). Before the CO 2 fluxes test, each bottle was circulated standard air for 3 min. Then, the CO 2 fluxes were measured after 1 h sealing (Tao et al., 2018) . After the sealing incubation, gas samples (10 ml) were taken from the headspace by the polyethylene syringe with three-way stopcocks. All the experiments were performed with triplicates.
Preparation of the sections for TEM
Fungal pellets for tolerance test were transferred into a centrifugal tube and fixed in 2.5% (v v −1 ) triple distilled glutaraldehyde for 4 h at room temperature. Then, the fungal pellets were washed three times (15 min per wash) by 0.1 M phosphate buffer (PB, pH = 7.4). The fungal pellets were fixed again with 1% (v v −1
) osmic acid in 0.1 M PB for 2 h and then washed by PB following the above processes. Dehydration was then performed through a 50%-100% (v v −1 ) ascending series of ethanol in sterile distilled water and then through 100% acetone twice. After dehydration, fungal samples were infiltrated by resin and acetone. Resin and acetone (1:1) were firstly performed in a mixer for 4 h. The ratio was subsequently adjusted to (1:2) for 12 h. Then, 100% resin was substituted and incubated for 8 h. After final infiltration, the small cubes containing fungal colonies were placed in embedding plate with fresh resin at 37 C overnight and finally polymerized at 60 C for 48 h. Finally, the ultrathin sections were prepared and mounted on formvarcoated copper grids for TEM analysis. All experiments were performed with triplicates. All samples were obtained and determinations were performed in accordance with relevant guidelines and regulations (Li et al., 2016b; Tian et al., 2018) .
Instrumentation
The pH values were determined by using SG98 InLab pH meter (Mettler Toledo Int. Inc.) with an Expert Pro-ISM-IP67 probe. The concentration of the lead was analyzed by using ICP-OES (Agilent 710). Calibration curve of Pb (1, 2.5, 5, 10, 25 and 50 mg l −1 ) was prepared. For the sake of analysis, the high concentration of Pb solution was diluted by 10-100 times. The R square value of the internal standard curve is 0.999. The organic carbon was analyzed by vario MACRO cube elemental analyzer (Elementar Inc.). The organic carbon was calibrated by using the sulfanilamide standard (Elemental Microanalysis, Germany) with 41.81 wt.% carbon. The contents of the organic acids were analyzed by HPLC (Agilent 1200) after incubation for 5 days. The column temperature of HPLC was 30 C. The standard solutions of oxalic acid were diluted into 1000, 500, 100, 50, 20, 10 and 0 mg l −1 respectively. The R square value of the internal standard curve is 0.999. The CO 2 concentrations were analyzed by the gas chromatograph equipped with a flame ionization detector and electron capture detector (Agilent GC-7890B). Mineralogical characterization of the crystallization products was examined by XRD by using a Bruker D8 diffractometer (Cu-Kα; 40 kV; 40 mA; scanned from 5 to 60 at a speed of 0.02 s −1 ). The results of products detected by XRD were analyzed by MDI Jade 6.5 software for phase identification. Ultrathin sections (for TEM) with 60-80 nm thickness were cut by a Ultramicrotome Leica EM UC7 microtome which mounted a diamond cutter (Daitonme, Ultra 45 ).
TEM was performed with FEI Tecnai G2 F20 system. It is equipped with a 200 keV Schottky field emission gun to characterize the morphology and atomic structure of particles under the conventional diffraction contrast (bright-field: BF) mode. All TEM images were recorded by using a slow scan CCD camera attached on a Gatan GIF 2000 (Gatan Image Filter). SEM image analysis was performed in a Carl Zeiss Supra 55 system with an acceleration voltage of 15 kV. The samples were coated with gold for 2 min before analysis, which can enhance image quality and minimize charging. Oxford Aztec X-Max 150 energy dispersive Xray spectrometer (EDS) was used for the analysis of semi-quantitative (collecting time: 90 s).
